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Terahertz Radiation Sources and M ethods 



This invention relates to improved terahertz radiation sources aud associated methods. 

The terahertz (THz) region of the electromagnetic spectrum spans the frequency range 
between the nrid-infrared and the Triillimetre/microwave portion of the spectrum. In this 
specification, terahertz radiation is considered to he that lying within a frequency range 
of from O.lTHz to lOOTHz,. ' 

There are many potential applications for terahertz radiation, including time-domain 
spectroscopy and imaging (see, for example, M.C. Nuss and J. Oreastein, in Millimeter 
and Submillimeter Wave Spectroscopy of Solids, ed G Gtuuer, (Berlin, Springer, 1998) 
and reference therein; M.C. Beard, G.M; Turner, and C. A. Schmuttenmaer, J. Phys. 
Chem. B l66, 7146(2002), X.-C. Zhang, Phys, Med. Biol. 47, 3667 (2002)). However, 
it is difficult to generate radiation in the terahertz region of the spectrum, particularly in 
the higher frequency portions of me terahertz range. 

Some known techniques for the generation of terahertz radiation include surface field 
generation, with or without an applied magnetic field (see, for example X.-C. Zhang and 
D.H. Auston , J. Appl. Phys. 71, 326 (1992), T. Dekorsy, H. Auer, H.J. BaWker, H.G 
Roskos, and H. Kuxz, Phys, Rev. B 53, 4005(1996), S. Kono, P. Gu, M. Tad, and JL 
Sakai, Appl. Phys. B 71, 901 (2000), A.G. Davies,.EJi. Linfield and M.B.Johnston, 
Phys. Med. Biol. 47, 3679 (2002) and electro-optic based techniques, such as optical 
rectification or difference frequency mixing (see, for example X.F. Ma and X.-C. 
Zhang, J. Opt. Soc. Am. B 10, 1175 (1993) and P.N. Seeta, B.I. Greene, and S.L. 
Chuang, Appl. Phys. Lett. 63, 3482 (1993); M. Joffre, A. Bonvalet, A. Migus, and J.-L 
Martin, Opt. Lett. 21, 964 (1996); Q. Wu and X.-C Zhang, Appl. Phys. Lett. 71, (1997); 
US 2001/0038074; US 4,972,069). . 



Non-linear optical techniques me of ^ ^ . 

subject of some fa** because they appear *> have potenualfor the generation of. 
tcraherepowera.ielaSvelyW^fequendea.poaaiblyupte iTTHa. However these 
devicesareonly ab,e toproauce very anal! amounts of energya. low repetinon rate. 
forex^eofaeosderoflKHzasingamechanioaJchopper. Sunibriyfle,^™ ' 
component, as high as 60TIfe have been generated fi™ OMs p-i-n diode, ((A. 

Leitenstoxter, S .Hunsche,I S h^ M .c. N u K , aild Vj I .Kno ; c,Ph >B . E ev Ua 82 ' 
operate a. . much hrgher repeUUco rate. which is important for apphcadons such^T 

However a ctisnrixrATitarT** , . 



. * w wuwuun time can be reduced 

low upper toquency Jurat which is generally around STHz. 

^examples of photeconduchve terahertz emitters are described in M . Allston , 

Saoow™ ?6 ' 134 (2000); 1888 * »— ■ 3* 

^^usdesonbedfore^ptemEP-A^ 143 (Lncen, Techuoiogies I nc ) 

w ' ! °f "eohodes 14a, b. Pafeed laaer Ohminadon IS impinaee on 

de^bedmrnoradetad below. ™3rad i anonp ro paga,e Sthroughll , eKmicmduoto . 
— — ^.oonecredandcoubnatedbyesluconlena UttpmUt . ~ 



terahertz radiation qutput beam 22. /The.semiconductor 12 has a front surface 12a, 
through which the terahertz radiation is emitted and a rear surface 12b, ujion which the 
pulsed laser impinges. The silicon lens 20 is mounted adjacent front surface 12a for 
practical convenience (since it would interfere with the laser beam if mounted on the 
* other side of the semiconductor) and aiso to assist coupling of the terahertz radiation 
from the semiconductor into the silicon lens, and in.particular to reduce reflections at 
the siibstrate/lens interface, 

— Rigtfre-l-b-shows^or^ of figure la^and illustrates^peration of the. 

device. A voltage is applied across electrodes 1 4a, b, setting up an electric field E 
across the semiconductor 12 as shown. The pulsed laser 16 is focussed to a spot 17 on 
the surface of the semiconductor, resulting in the generation of photocamers in region 
19 adjacent surface 12b of the semiconductor, the ter£|hertz radiation 21 then . 
propagating towards face 12a for collection by the lens (not shown in figure'' lb). 
-Optionally, the semiconductor 12 may be mounted on a substrate located between face 

— 12a and the-lens (not-shown in figure ib)r- - — 

The frequency of the terahertz radiation emitted is dependent upon the pulse width (or at 
least the edge rise-time) of laser beam 16, and a laser which is able to provide a sub- 
picosecond, pulse width is therefore preferably used, to provide radiation frequencies 
greater than ITHz. The laser wavelength is selected to be suitable for optically exciting 
carriers in the semiconductor material 12 ^nd may comprise, for example, a TirSapphire 
laser. or an Erbium-doped fibre laser. The semiconductor material may comprise, for 
example, Gallium Arsenide or a variant thereof such as LT-GaAs (low temperature- 
- wGalUurh^^ ra^atioh-damaged 
" silicon-on-sapphire (RD-SOS), or Indium Gallium Arsenide or InGaAs/IhAlAs 
"~qu^tti3i well§~(see EFJ43 above and the r^^nc^ffi^in)." Details of electrode 
. materials and dimensions are.given later, further examples of electrodes are described in 
EF 143 mentioned above, hereby incorporated by reference in its entirety. 

In operation, laser pulse 1 6 generates electron-hole pairs and these photo-excited 
carriers are accelerated by the biasing electric field E. Thus the current through the 
device rises very rapidly after an optical pulse and then decays with a time constant 



determined by the carrier lifetime of the semiconductor. The physical separation of the 
holes and elections forms a macroscopic space-charge field having a direction opposite 
to the biasing field, and thus screens the externally applied biasing field From 
Maxwell's equations the fast temporal change of the electric field produces a 
displacement current pulse, thus generating pulsed electromagnetic radiation in me 
terahertz region of the spectrum. Theoretical simulations suggest that a suMOO 
femtosecond (fs) electrical pulse is obtainable but in practice 350fs terahertz radiation 
julsesye amon g the shortest obt ained with Gallium Arsenide emitters. 

There therefore exists a need for improved terahertz radiation sources and methods 

Themventor ha* reco gnised that ther e are advantages in (broadly speaking) inverting 

the convennor^TpTotoconductive terahertz emitter stmcture whTch^ be^ed" - ^"" 
heretofore. 



Thus m.a first aspectfte invention provides a terahertz radiation source comprising- an 

S"** '«*V**>8 a^iconductormaterial Ha7EgV6 sidei; apair of electrodes on 

one sideof S aid-semicp Q ductor;.a.puIsed lightsourceohputJfor illummating said 
semiconductor to excite photo-carriers in said semiconductor to generate terahertz 
radiation; and a radiation collector to collect said terahertz radiation; and wherein said 
^P^ror^^ 

electrodes. . . 

. fc^edaspectme.^^ 
sem^u^^ 

-of sard faces of said semiconductor; a'pulied Hghtsource input for aiuminating said 

^on;andaradiadonc<to^ and wherein said 

raoiationcollectorisconfiguredtocoUectsaidterah^ 

^ofsaidsermconductorwimputs^ 

other of said faces. 6 w 

RongUy spcakfag, fa sttad of colkatog terahertz radiation fa , 

dir^on.abacWdscoIl^on^Wisomptoy.d. Mms in embody ■ 
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radiation emitted frpm the- surface qf the emitter bearing the electrodes is .collected, thus 
reducing the effects of dispersion and absorption in the semiconductor material. As will 
be described later in embodiments this facilitates the production of terahertz radiation 
with components at significantly higher frequencies than previously available, from 
photoconductive-type emitters. 

The emitter preferably comprises a m-V semiconductor slab or wafer, optionally 
supported on a substrate. Preferably the emitter is relatively thin to facilitate cooling " . 

terahertz: radiation in a 'backwards' direction is being collected the precise thickness or 
configuration of the semiconductor and/or substrate is not important. The electrodes 
may be formed on the surface of the semiconductor or may be buried within the surface 
by means of conventional fabrication techniques well known in the art. 

-The pulsed light source preferably-comprises a pulsed laser with at least a fast rising 
- edge, preferably less than 1-picosecond, more preferably less than 0.1 picosecond. The 
laser is preferably configured to illuminate the gap between the electrodes (although 
transparent *or very thin electrodes could be employed), and preferably the laser light is 
focussed to a spot located asymmetrically within the gap between the electrodes. 

~ — The-radiation-coDectormay comprises lens such as a silicon lens, or a mirror such as a 
. parabolic mirror. Since metal reflects terahertz radiation a metal mirror may be 

- employed. In some embodiments the radiation collector, for example the mirror, is 
provided with an aperture for illuminating the semiconductor using the laser beam. In 

- -^ther-embodiments a "small-diagonal mirro^maybe provided'between the 

. semiconductor and the radiation collector, for directing lightTfrom a laser onto the* 
-^^ejmSonxfi^ embodiments oblique laser illumination may be employed. 

In embodiments, since terahertz radiation is collected in a 'backwards* direction, the 
•front* face of the. emitter may be provided with a cooling device. This may comprise a 
. passive cooling device such as a heat sink or heat pipe, or an active device such as a 
device employing circulated coolant or a Peltier effect device; 



Thus in a further aspect the invention provides, a terahertz emitter comprising a 
semiconductor having first and second electrodes adj acent a first face of said 
semiconductor for applying an electric field to the semiconductor, said first and second 
electrodesdefiningagap^erebetween; and a heat transfer device mounted adjacent a 
second face of said semiconductor substantially opposite said first face; and wherein at 
least a portion of said heat transfer device is disposed substantially opposite said gap! 

Themven^ 

adjacent one surface of said semiconductor; means fordirecting a pulsed laser onto said 
semiconductor to generate terahertz radiation; and means for providing . said terahertz 
radiation-from.^^ 

face said electrode-bearing semiconductor surface. 

Jh embodiments the terahertz adllMon ^ „ e ^ ^ ^ 

■hossmg.aad, optjo naUK J lftJam .. apa!mre may)w med ^ iHammafagAc 

laser beam onto the semiconductor may be employed, such as BSfoeo^kT" 

^^^^ ^ j fe^ 4ga oAo a! ^ tei ^^ 
ftom a photoconducttve terahertz radiation source, tte soume compri^ a 

*«-ftodcompr^ ?pply ^ melKWcMdto ^ cl ^ esdj ■ ; ' 
laserbeam towards sajd^on surface; and nsing terah^auon emitied o« of 



The fcveTSonftatherprpvides anremodofp^ng.^^^ ftom / 

photoconduehve terahertz radiatfon source ttir .™,™ „ 

. ** es °^ rom P™^>^WdHctor»ith 
dectiodes adjacent a surface of tnesaid semicor^.mememodeompriamg 
appWm* an electric « ..said eieetiodes; anu.dftectins . puIsed w ^ * 

-^^surrao^heremanonnattoa^daennconduc.oraurftc ewhfta 
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and wherein the method further comprises collecting said terahertz radiation in a reverse 
direction, substantially opposite to said forward* direction. " 

The terahertz.radiation. preferably comprises radiation occupying a portion of a 
• frequency range of from (UTHz'to lOOTHz, and more particularly within a portion of a 
frequency range of from 0. ITHz to 30THz, Generally the optical excitation' will result . 
in terahertz radiation across a band of frequencies, as illustrated later, to some extent the 
. band being variable dependent upon the.pulse width of the laser light source, . The 

-.z^slriiled^ to 
visible light but includes infrared and ultraviolet light up to x-rays (atto-second pulses 
have recently been realised in the x-ray range), and -illumination' is to be construed 
accordingly. 

The . skilled person will recognise that features from some of the above-described 
aspects of the invention and embodiments may ba-ljbmbined with other aspects of the 
"-— invention^ — — - — " ~ 

Theabove and other aspects of the invention will now be further described, by way of 
example only, with reference to the accompanying figures in which; 

-Figures 1 a and lb show/respectively, a known photocoriductive terahertz radiation 
. source, and details* of the operation of the sbtixce of figure la; : 

Figures 2a to 2g show, respectively, a terahertz radiation source and detection system in 
- '"accoraance-witha-first embodimenttrftK^^ configuration 
for the apparatus of figure 2a, a schematic diagram showing details of the teraherte 
source ox figure 2a, a terahertz radiation source according to a second embodiment of * 
the invention, a terahertz radiation source according to a third embodiment of the 
invention, a terahertz radiation source according to a fourth embodiment of the 
invention, and a terahertz radiation source according to a fifth embodiment of the 
invention; 



• 8 • , 
Figures 3a to 3c show, respectively, a first alternative electrode arrangement, a second 
alternative electrode arrangement, and an electrode drive voltage waveform; . 

Figures 4a and 4b show, respectively, a first radiation source cooling arrangement, and 
second radiation source cooling arrangement; 

Figure 5a to 5c show a time-domain terahertz radiation signal for radiation emitted in a 
backwards direction, a time-domain terahertz radiation signal for radiation emitted in a 

Figures 6a and 6b show a second time-domain terahertz radiation signal, and 
.ccrresp^ndjngfrequ^ '_ ••' - 



Figures 7a to 7c show a time-domain terahertz radiaticn signal, and corresponding 
.frequency spectra onJiueaxand on logarithmic scales respectively; and 



- - Figures 8a and 8b ^respectively, a example of a terahertz absorption spectrum of 
an amino acid, and a terahertz absorption spectrum of FTFE. 

: .Referring first to Ssml. ^ ^o WS & s^^ c a r ^ sxmrimenia1 - 

^arrangement 20^for ; me,generatipn-^detecti^ Figure2b ■ 

(inset)show S a schematic diagram of an example elecfrode geometry for the 

arrangement of figure- 2a. 

temperature-grown (LT) gallium arsenide (GaAs) substrate, in one constructed 
-embommenthavmg^, W - 0 ^3^ m ^ ^ ^ 

was grown at the Cavendish Laboratories, University of Cambridge, UK (A2696) and 
had a earner life time of 0.4 picoseconds, as estimated from a time-resolved reflectivity 
measurement. Two NiCr/Au electrodes 204a, b were fabricated on fois substiate usinj 
vacuum evaporation. ' 



A pump laser beam 208 illuminates/the electrode-side of the GaAs emitter 202 and 
emitted terahertz radiation 2 1 0 is collected in the 'backwards* direction using a 
parabolic mirror 212. In preferred embodiments the parabolic mirrors) are gold coated 
mirror(s), in one experimental arrangement approximately 5cm in diameter. Preferably 
' the terahertz emitting region 19 is located substantially at fee focus of parabolic mirror 
212 (or of an equivalent lens). Mirror 212 has a small hole 214, for example 1-2 mm in 
diameter, drilled through it to allow the pump beam 208 to illuminate the emitter 202. 
. Since the hole 214 can be small the efficiency of the mirror 212 at collecting the 
^rrrjeraixeite^^ — ~ = ™ — — . 

Mirror 2 12 provides a substantially collimated beam of terahertz radiation to a second - 
parabolic mirror 214, which focuses this radiation onto a sample 216 in the illustrated 
experimental arrangement However, the skilled person will appreciate that the. 
collimated beam of terahertz radiation may be used in many ways, including for 
-imaging-aiidnspectroscopy, — - 

The radiation which passes through sample 214 is collected by a third parabolic mirror 
• 216 and directed by a fourth parabolic mirror 218 on to a terahertz radiation detector. A 
variety of suitable detectors is known in the art; for example, EP 0 828 143 A 
mentioned above describes some examples, In the illustrated arrangement a Gallium 
: - — pS6^hide : (GaP)"detector^20ns : employed; ih : conjunction with a quarter wave plate 
„222 and Wollaston prism 224 which provides a differential signal to a pair of a 
photodiodes 226a, b. These in turn provide a differential output for example to a lock- 
in amplifier locked to a driving voltage of the emitter 202. 

As can be seen from inspection of figures 2a .and 2b, the terahertz radiation is collected - 
■ J ^.baci^ard^^ with a conventional arrangements. This has a number of • 

advantages, in particular a reduction in dispersion and absorption in the GaAs substrate. 
There may be a small reduction in power output as compared with a conventional 
geometry,"resulting torn the optical coupling/alignment However, as will be seen from, 
the experimental results described/later, this is more than compensated for by an 
increased power output at higher terahertz frequencies. 



1 
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The pump laser beam 208 * preferably usedfor asymmetric excitation of the GaAs 
^tter,ascanbe S eenWmeasymm^^ • 
illumination spot 206 between the electrode, 204a, b of figure 2b; Such asymmetric 
excitation increases the (terahertz) output power, with the indirect effect of increasing 
me useful bandwith of the generated terahertz signal, although such asymmetric 
excitation doesnctappc^tbaffecrmemtrindcband^ , . 

Figure 2c shows more details of the terahertz radiation source of figures 2a and 2b 
ralthough-in this &Z>»*^^ 
not shown (although this is preferable). 

^ig^^^lement^ 



numerals," 



although for clarity thepump laser beam is in ^.arrangement given the designation 
208, the illuminated spot the designation. 206, and the electrodes the designations 204a, 
br Figure 2c shows thepump laser beam 208 being provided to the emitter 202 via a 
hole 214 in the minor 212, 



The substrate semiconductor material is selected in conjunction with the pump laser to 
have a suitable band gap for preexcitation of carriers; generally this means that a • 
jmpwfcand Whwtol^^ a 

it ,s undoped). For example, radiation damaged silicon-on-sapphire (RD-SoS) or a Iff. ' 
VsemKonductorsuchasGaAsorGaPmaybeemployed. If a particular terahertz 
frequencyis of mtereathe semiconductor material may further selected to aim to 
^oiffponoiHBs^ 



: ~*wbund„ 

m diameter. In one experiment a drive voltage of 200 volts peak-to-peak was 

agnal to nozse rate with a. lock-in amplifier since, in effect, more data can be coated 



,11..:;;; i ..u .4- ;• .... 

arrangements a dc drive may be employed The electrode gap may be of the order of 
0.5 mm, for example in the range 0:1mm to 1mm (or smaller); in embodiments 
electrode gaps of 0.2mm - 0.4mm have been satisfactorily employed The. substrate 
thickness is not critical and may be selected for practical convenience; in embodiments 
a GaAs wafer with a thickness of approximately 0.5mm was used. To help keep the 
emitter cool it may be preferable to employ thinner rather thicker substrates.' • 

Figure 2d shows a first alternative embodiment in which the pump laser beam 208 . 
;=3as^Ha^ oblique angle rather than through an aperture in 

mirror 212. Figure 2e illustrates a farther alternative embodiment in which a small 
diagonal mirror 209, for example 1-2 mm of metallised foil, is used to direct the pump 
. laser onto the emitter 202. Generally the on-axis pump laser arrangements of figures 2c 
and 2e are preferable to the off-axis arrangement of figure 2d as alignment is more 
straightforward. 

• In the embodiments of figures 2d and 2e the paraboloid mirror 212 may be replace^ by 
a lens , for exam ple a fu sed silic a len s belo w ITHs or a silicon lens above ITHz. Some 
polymers, for example polyethylene orpoly-4-inethyIpentene-l, may also be used as a 
lens material. Mirrors, however, have some advantages over lens and can provide high 

zl- JjiflfififcgS^d achr omatic jiperMpju^^^^ in 
" - -particular^ ~ . _ 

• Figure 2f illustrates a further alternative embodiment, again lacking a hole in mirror 
212, in which a fibre optic 207 is used to deliver the pump laser to the semiconductor 

12. \ . , . 

'^FigiMre 2gHlustrates ^embodiment of a terahertz radiation source similar to that shown 
* in figure 2a- to 2c, but contained within a housing 230. An aperture 232 is provided in 
the housing to permit ingress of the pump laser beam 208 and egress of the terahertz 
radiation 2107lnsulated connections 234a, b may be provided for electrodes 204a, b 
. respectively. The housing 230. may be fabricated, for example, from metal, and . 
optionally the housing may be extended to include the parabolic mirror 212 or, in other • 
embodiments, a terahertz lens. A window may be provi4ed for the pump laser beam 



12 

and, optionally, a further window for the terahertz radiation (for example,' using lens 
material), to allow the enclosure to be sealed. 

Figures .3a and 3b show some examples of alternative eiectrode configurations for the 
emitter 202; thesemay replace the configuration of figure 2b in the above described 
embodiments. Figure 3c illustrates one example of a drive voltage which may be 
applied to the electrodes, in this example comprising a lOOKHz square wave- 
symmetr ical about Q volts. The drive waveform is preferably symmetrical although 
--^ymmelric-fflid;d^^ _, , J • , 

As previously mentioned, in operation the terahertz source dissipates up to a few watts 
--of^lectricd^^^ 

semiconductor material 12, which can lower electron mobility. On a more practical 
Jevel differential heating can bend the emitter and can damage the attachment of the 
- eleoSodes2<Mtome^^^ It is therefore preferable to cool the 

semiconductor, and figures 4a and 4b illustrate some examples of cooling arrangements. 

In figure 4a water to 40 is pumped through ducting at 242 (shown schematically in 
figure 4a) in thermal contact with semiconductor 12. It is known to cool a terahertz 
^^ad^oiyou^^ 

-NTvax^aTK^^ n ^ 

. 2002; andPhys, Med.j3^^ oodil^L •'' 

previously been limited by the *eed to make provision for the emission of terahertz 
.radiation as shown in figures.la.and lb. Thus the effectiveness of the cooling has been 
-lhrftedrThe-sK^^^ howev , r> m ^ ^ abovedescribed 

embodiments of the i nvention go od thermal contact maybe achieved between face 12a 
of the semiconductor and a Heat sink or heat conductor such as ducting 242 More 
particularly the ducon g 242 orotherheat transfer arrangement may extend across face 
12a of the emitter behihel the gap between electrodes 204a, b. 

Figure 4b shows a second example ofa cooled terahertz radiation sourcein which 
senuconductor 12 is mounted on a substrate203 which, in turn, is in thermal contact • 
wimaPelner-effectcoolmgdevice244ele^^ . 
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Again the Peltier-effect device may f extend across the terahertz emitter, and in particular 
across the gap between the electrodes on the opposite side of the emitter to the ... 
electrodes. The skilled person will understand that many other types of similar cooling 
arrangement may be employed, including passive cooling such as fins or a heat sink, for 
. example using housing 230 of figure 2g. 

. Some examples of experiments performed using arrangements similar to that shown in 
figures 2a to 2c will now be described. 

Referring agam to Figure 2a s in one experiment a bias voltage of 200 V P . P , modulated at 
31 KHz, was applied across the emitter 202. An average power of 250 mW from a 
Ti:Sapphire laser (14 fs duration, 800 nm center wavelength, and 76 MHz repetition 
rate) was focused onto the edge of one of the two NiCr/Au electrodes 204a,b of GaAs 
emitter 202. The spot size of the focused, laser beam was 40 \im giving a maximum free 
. carrier: concentration. Qf.about 3xl0 18 cm" 3 (assuming 50% quantum efficiency and 1 jxm 
_^£¥-erage_ab.soiptiot^ larger laser 

I • ■ t 

excitation spot sizes (see G. Zhao, R.N. Schouten, N. van der> Valk> W. Th, 
Wenckebach, and PJ.CM, Planken, .Rev, ScL Instrum. 73, 1715, 2002; and Phys. Med! 
Biol. 47, 3699, 2002). 

- electric field leads to the 
radiation of a THz etactromagnetic signal into free space. The THz radiation was 
collected backwards (in the direction of the reflected pump laser beam) using of&axis 
parabolic 'mirror 212. The backwards collection scheme minimizes the absorption and 
• dispersion, of the THz pul$e. in the_GaAs substrate - — - 

"After reflecting from four off-axis parabolic mirrors 212, 214, 216, 218, the. THz pulse 
was finally focused onto 0.2-mm-thick <3aP crystal 220 (from Photox Optical Systems 
of. Oxford, UK) where it overlaps with a synchronized* time-delayed, horizontally 
polarized -probe beam from the same laser source. The electric field of the THz 
transients induces birefringence in the GaP crystal, and changes the polarization of the 
probe beam. After the sensor* the probe beam then passes through quarter wave plate 
222 and Wollastoh prism 224. The Wollaston prism separates the two orthogonal 
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• polarization components of the probe beam, whose intensities are measured with a pair 
of balanced photodiodes 226a,b. The electro-optic signal (AI) is nonnalized to the total 
photocurrent (I). fi;om the two photodiodes, and the intensity difference AI/I is 
proportional to the THz e^tric field presented in the electro-optic crystal (see for 
example, Q. Wu andX.-C. Zhang,.Appl. Phys. Lett, 67, 3523, 1995). 

In the arrangement of Figure 2a me temporal (time-domain) inflation on theTHz 
^radiation may be obtained by varying the time difference between excitation of the 
carriers and p^inroM-rfield,- forexiSnple by means of a variable optical delay sta*e 
(not shown), in one experiment with an accuracy of O.lmn. The apparatus of Figure la 
is preferably enclosed in a vacuum-tight box, which is purged with dry nitrogen gas to 
reduce *e--effects- 0 ^^ 

performed at room temperature. 

i 

/Figure 5a shows TEE^aciiafibn collected backwards from an LT-GaAs emitter and 
7 measured wiflnrtttm^^ signal . to 
noise rafco of over 1000 was easily obtained using a lock-in amplifier with a time 
constant of 20 ms. The skilled person will appreciate me narrowness of the terahertz 
pulses (140fe and 1056) in Figure 5a. 



Figure 5b shows a TBz signal SomEi Remitter under similar conditions, but 
-measured using a conventional,, forwards; collection scheme. As shown in Figure 5b the 
shape of the THz transient is distorted owing to dispersion and absorption in the CaAs 
^substrate. Ringing can.also.be seen, due to dispersion, and absorption of the terahertz 
r^atio^-wimin^he-^^ ^ ^ ^ 

terahertz peak, a second-terahertz peak is observed, due to-multiple reflections oT the 
terahertz radiation at the air/GaAs interfaces. For a slab of thickness d, the interval 
between pulses is approximately 2d/c where c is the speed of radiation in the substrate. 
The embedments of.Figure 2 allow a relatively thick substrate to be employed, thus 
reducing this ringing without also increasing the attenuation and distortion, which 
would otherwise be seen in a conventional, forwaroVcofiection configuration. 



Figure 5c shows,, on a logarithmic scale, the amplitude spectra of the transients of 
Figures. 2a and 2b, curve 500 corresponding to Figure 5a and fcurve 502 to Figure 5b. 
As can be seen, curve 502 is effectively in the noise above around 6THz whilst curve 
500 shows that with embodiments of the invention terahertz radiation, may be provided 
up to at least lOTHz (the dip at approximately 8THz is caused by a phonon absorption 
in the GaAs). 

Still referring to Figure 5c, the spectrum 500 peaks at about 2 THz and spreads, 
continuously up. to 8 -THz. Some amplitude is then regained for frequencies around 9 
THz,.particularly a distinct peak at 8.7 THz, despite of the low sensitivity of the.GaP 
detector in this frequency range. By contrast the high frequency components are 
attenuated in the GaAs substrate in spectrum 502, It can therefore be appreciated that 
the backwards*' collection scheme reduces the effects, of THz dispersion and absorption 
in the GaAs substrata 

^he r spectraUdip^at,-the,XO j(Trans^erse r -Optical)..phonon. of GaAs-^8 THz) and the 
• ' enhanced radiation:, at LO (Lon^tudinal Optical) phonon of GaAs (8.7 THz) can be 
" explained by the respective increase and reduction of the coupling efficiency of the 
radiation to the air due to the small and large absolute value of the complex dielectric 
constant near TP and LO phonon frequencies, respectively (see M, Tani, R. Fukasawa, 
.•^^H^AbepK^Sakai^d^Nak^ 

the first TO phonon of GaP crystal does not appear until 1 1 THz the frequency response 
of the GaP detector has a minimum around 8 THz owing to strong dispersion of the 
electro-optic coefficient y 4 i of the GaP crystal; due to lattice resonance. This may also 
-^S=cdntribute,to the;spec1xaliiipm8-TIfe^bserved in terahertz spectrum 500. - 

- — rrae-^pta GaP sensor may be calculated 

.-taking into account reflection and absorption losses, the velocity mismatch between the 
• optical gating pulse and the THz phase, and the dispersion of the elecfro-optic 
coefficient (see, for example, A. Leitenstorfer, S. Hunsche, J. Shah, M.C Nuss, acid 
WJL Knox, Appl. Phys. Lett. 74,. 1516, 199?), Such calculations show that the GaP 
detector employed here has limited sensitivity at frequencies abpve 8 THz. Therefore in 
order to explore the higher frequency characteristics of the GaAs emitter a different 



detector employed. This comprised a 20-um-thick (1 JO) ZnTe crystal glued onto a 
(100) ZnTe crystal. Figures 6a and 6b show data collected using such a detector. 

Figure 6a shows THz radiation,, measured with a 20-um-thick ZnTe detector, as a 
faction of time, and Figure 6b shows, on a logarithmic scale, corresponding terahertz 
radiation spectra. Curves 600 and 602 of Figure 6b were captured using and a ZnTe 
detector and a GaP detector respectively. 



^The-ifc^mm^ 

widths of 76 fs and 44 fs, respectively, which, to the best of the Applicant* knowledge 
represents the shortest life pulse yet reported for a.GaAs photoconductive emitter. The 

-----imspecW-Figu^^ 

with the spectrum of Figure 5c it can be seen that the dip in curve 600 at around 52 
THz is caused by the ZnTe detector (TO phonon at 5.3 THz) whilst the dip at 8.0 THz is 
- due to the GaAs emitter (TO phonon at 8.0THz)..The two peaks-at 6.1 and 8 7 THz 
-correspond, to-the LO-phonpn-of-ZnTe- ( 6,2-^ respectively 
_ J>igure_6b shows that frequency components of up to 18 THz can be generated usine a 



LT-GaAs-based emitter which, to the best of the Applicant's knowledge, is the highest 
frequency component from a biased photoconductive emitter yet reported. • 

=Fig«re-7a shows «h***M*i^^ 

having a linear amplitude scale, and Figure 7c a logarithmic scale. More particularly 

. Rgures 7a to 7c show. the absorption of terahertz radiation by. different semiconductor 
-^tenals^deter^^^ ^ ^ 

^sample position. Figures 7b.and 7c.relate-to terahertz radiation-transmitted through a 
H^Oi^snW^Hconwafer whilst curve 702 relates to transmission through a Si 
(semi-msulating) GaAs wafer, both from an LT aow-temperature-gmwn) GaAs 
photoconductive emitter. It can be seen that these curves have been determined for 
frequencies extending out beyond 30THz, albeirwim reduced signd-to-noise ratio at 
higher frequencies. This is useful for many applications including, for example 
detecting (and studying) intra-molecular vibrations. ■ 



Figures 8a and 8b $h<ow some examples of applications of the above described terahertz 
radiation sources. Figure Sa. shows a THz spectrum of poly-I^Tryptophan (an important 
amino • acid homo-polymer) measured in the frequency range 0.2-7.8THz using a 
terahertz radiation source as described above. The broad peak around 5 THz and the 
relatively narrower peak at around 7 THz are in good agreement with observations 
made using inelastic neutron scattering techniques. Figure 8b shows an absorption 
spectrum 800 of PTFE (polytetrafluoroethylene) alongside the source spectrum 802 (of 
HR-Si) r showing vibrational absorption bands. Again this is in good agreement with 
Jmqw^bsoipt^ 

Spectroscopy 26(2001)215-25), marked by arrows. The extended frequency range 
provided by. embodiments of the invention has many applications including in both 
time- and frequency-domain spectroscopy where it can provide an overlap, with Fourier 
transform, Raman and inelastic neutron scattering, spectroscopy thus assisting an 
understanding of intra- and ^ inter-molecular interactions. 

.No di*ub!OTroy.Q&srj^ to Jhe. described embodiments jwill occur to 

.^the skilled person. It-willMherefore be understood that the invention is not limited to the 

described embodiments but encompasses modifications apparent to those skilled in the 

art lying within the spirit and scope of the claims appended hereto. 
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CLAIMS: . 



1. A terahertz radiation source comprising: 

an emitter comprising a semiconductor material having two sides; ... 
. a pair of electrodes on one side of said semiconductor; 
a pulsed light soUTce.input for. illuminatmg said semiconductor to excite photo- 
- in said semiconductor to generate terahertz radiation; and •. . 
a radiation collector to collect said terahertz radiation; and 

semiconductor as said electrodes. . 



earners ; 



A terahertz radiation source comp rising- 



a semiconductor having opposed first and second faces; 
a pair of electrodes adjacent one of said faces of said semiconductor' 
... ^^^^urceinputforilluminatmgsaidsemiconduc^^^ 
pW^arriers in s 4 d_ semiconductor to generate terjhe^radiation; and 
aiadiationcollectortoconectsaidter^ . 
^-^oncollectorisconfig^edto 

having passed through the other of said faces. 

3 A terahertzradiation source as claimed orj^ 
collector comprises a mirror. """ " 



.4.. 



, ' " . -~-~=™^^^'^sit^iSin i,oj^^erem-.said radiation 
Elector comprises a lens. ™ 



radiation collector has an aperture for i?in™;„«« 
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6. A terahertz radiation source as claimed hx claim 1 , 2, 3 or 4 further comprising a 
diagonal mirror disposed between said semiconductor and said radiation collector for . 
illuminating said semiconductor. 

7. A terahertz radiation source as claimed in any preceding claim further " 
comprising a cooling device in thermal contact with said emitter and disposed on an 
opposite side of said semiconductor material to said electrodes. ■ 

8. A terahertz rad iation source as claimed in claimXwherein-said pair- Ofelectrodes 
defines a gap.between said electrodes, and wherein said cooling device is disposed : ' 
opposite said gap. 

9. A terahertz radiation source as claimed in any preceding claim further 
comprising a pulsed laser to provide light to said pulsed light source input. • 

10. _ A soinre : : — - 

% housingfismd*!!^ a 
pan: of elecftbdes adjacent one surtace of said semicpnductor; 

means for. directing a pulsed laser onto said semiconductor to generate terahertz 
radiation; and . . 

means, for providing said terahertz radiation from said source; and 

characterised in' that said providing means is disposed to face said electrode- 
bearing semiconductor surface. 

11. ( A source of terahertz radiation as claimed in claim 10 wherein said means for 
providing terahertz radiation comprises an aperture in said housing. 

.12. A source of terahertz radiation as claimed in claim 10 or 11 wherein said means 
for providing terahertz radiation includes a terahertz radiation focussing device. 

13. A source of terahertz radiation as claimed in claim 12 wherpin said means for 
directing said pulsed laser onto said semiconductor includes an aperture in said 
focussing device. 



' 14. A source of terahertz radiation as claimed in any one of claims 10 to 13, wherein. 

said means for directing said pulsed laser onto said semiconductor comprises to 
' aperture in said housing. 

15. A source of terahertz.r^diation as claimed in any one of claims 10 to ; Hfiirther 
comprising a heat transfer device for cooling said semiconductor, said heat transfer ■ 
device being disposed opposite said electrode-bearing semiconductor surfece. 

• *r- — r. rz=z . : '— ^ = — ' 

16. A source of terahertz radiation as claimed in any preceding claim for providing 
terahertz radiation within a portion of a frequency range of from (UTHz to lOOTHz, 

mo£eparticnlarly within a portioaofiiirequettcy^^^ 

17. A terahertz- einitter comprising: • 

a semiconductor having first and second electrodes adjacent a first face of said 

semiconductor for applyigg an ele cfri^ejdjtoj^^^ said first and second 

electrodes -defining 1 ^^ 

"-^"^^^ semiconductor 
substantially opposite said first face; and 

wherein at least a portion of said heat transfer device is disposed substantially 
opposite said gap; ' • ' 

18. A terahertz emitter as claimed in claim 17 wherein said heat transfer device 
comprises an active cooling device.. 

-T9T A terahertz emitter as claimed in claim 18 wherein said heat transfer device 
comprising a Peltier effect cooling device. 

20. A terahertz radiation source or emitter as claimed in any preceding claim 
wherein said semiconductor comprises a compound semiconductor. 

21. A terahertz radiation source or emitter as claimed in claim. 20, wherein said 
semiconductor comprises gallium arsenide. 



22. " A method of providing terahertz radiation from a photocondxictive terahertz . 
radiation source, the source comprising a semiconductor with electrodes adjacent an 
excitation surface of the said semiconductor, the method comprising: 

. ' applying an electric field to said electrodes; 

directing a pulsed laser beam towards said excitation surface; and 
' using terahertz radiation emitted put of said excitation surface for providing said 
terahertz ladiatiotiv . 

23 , A method of providing terahertz radiation from a photoconductive terahertz • 
radiation source* the source comprising a semiconductor wth electrodes adjacent a 
surface of the said semiconductor, the method comprising: 

applying an electric field to said electrodes; and . 
. . directing a pulsed laser beam towards said semiconductor surface, 

wherein a normal to said semiconductor suiface with a component in a direction 
of propagation of said laser beam defines-a-forward' direction; and wherein the method . 
fhrther comprises: 

•collecting said terahertz radiation in .a reverse direction, substantially opposite to 
said forwards direction. 
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ABSTRACT: 



■ i 



, Teraherte Radiation Smitces and MWhnHe 

The invention relates to improved terahertz radiation sources, and associated methods. 

A terahertz radiation source is described; comprising: ah emitter (202) comprising a 
semiconductor material (12) ; a pair of electrodes (204a,b) adjacent a face of said 
semiconductor, saidpair of electrodes defining a gap between said electrodes; apulsed 
hght source input for iiluminating said semiconductor to excite photo-carriera in said . 
semiconductor to generate terahertz radiation; and a radiation collector (212) to collect 
saidjerjfcert^ 



side of said semiconductor as said electrodes. A related method of providing terahertz 
radiation is also described. * 
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